A first-principles-based scheme is used to compute the temperature-versus-misfit strain "Pertsev" phase diagram of ultrathin films of incipient ferroelectric KTaO 3 . The results suggest that, at variance with the bulk material, KTaO 3 ultrathin films cannot be described as quantum paraelectrics. Rather, the behavior of the films is largely determined by surface/interface effects that favor ferroelectricity and the imperfect screening of the depolarizing fields. This leads to Pertsev phase diagrams that are qualitatively similar to those of normal ferroelectrics such as BaTiO 3 . © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2748844͔
The need for miniaturized devices and the quest for knowledge in nanoscience have led to a flurry of activities in ferroelectric thin films ͑see Refs. 1-3 and references therein͒. As a result, the influence of surface/interface effects and boundary conditions on their properties is now well documented. For instance, studies revealed that the strain arising from the substrate can lead to ferroelectric phases absent in the bulk, [4] [5] [6] and that residual depolarizing fields can generate anomalous effects-such as stripe domains with remarkably small periods. [7] [8] [9] An important issue that remains to be fully understood concerns the properties of ferroelectric films made of incipient ferroelectrics, i.e., materials such as SrTiO 3 and KTaO 3 for which the bulk phase ferroelectricity is suppressed by quantum fluctuations. [10] [11] [12] The pioneering work in Ref. 13 revealed the existence of room-temperature ferroelectricity in strained 500 Å thick SrTiO 3 films, and can thus be taken to suggest that the coupling between strain and dipoles tends to prevail over quantum effects in nanostructures. One may thus wonder what the effect ͑if any͒ of quantum zero-point vibrations is in ultrathin films made of incipient ferroelectrics. In particular, the following questions are, to the best of our knowledge, currently unanswered: ͑1͒ Can quantum fluctuations suppress some phases in these films, and, if so, which ones? ͑2͒ For zero misfit strain, are the films paraelectric or ferroelectric? ͑3͒ What are the consequences and signatures of the zero-point motion of the ions in a film experiencing a depolarizing field?
The aim of this letter is to answer these questions by predicting the temperature-versus-misfit strain phase diagrams of KTaO 3 ultrathin films under different electrical boundary conditions.
Here, we use a first-principles-based effectiveHamiltonian approach to study KTaO 3 ultrathin films grown along the ͓001͔ pseudocubic direction ͑chosen to be along the z axis͒, having K-O terminated surfaces/interfaces, and being 28 Å thick. The films are modeled by 10ϫ 10ϫ 7 supercells that are periodic along the x and y axes ͑which lie along the ͓100͔ and ͓010͔ pseudocubic directions, respectively͒ and contain seven TaO 2 ͑001͒ layers stacked along the nonperiodic z axis. We make use of an effectiveHamiltonian expansion E Heff ͑u i , v i , ͒, where the u i are the local soft-mode amplitudes in the unit cell i of the film ͑such that Z * u i yields the local electrical dipole͒, ͕v i ͖ are the inhomogeneous strains within the supercell, 14 and is the homogeneous strain tensor. The latter is relevant to mechanical boundary conditions since epitaxial ͑001͒ films are associated with the freezing of some components of , i.e., 6 =0 and 1 = 2 = ␦, with ␦ being the value forcing the film to adopt the in-plane lattice constant of the substrate. 5, 6, 8 In practice, ␦ = ͑a sub − a KTa ͒ / a KTa , where a sub is the in-plane lattice parameter of the substrate and a KTa = 3.983 Å is the 0 K cubic lattice constant of bulk KTaO 3 used in Ref. 11 . The analytical expression 14 and first-principles-derived parameters 11 for this E Heff , the intrinsic effective-Hamiltonian energy of the film, are those of bulk KTaO 3 , except that here we use the formula for the dipole-dipole interactions for thin films under ideal open-circuit ͑OC͒ boundary conditions derived in Refs. 15 and 16. Such electrical boundary conditions naturally lead to the existence of a maximum depolarizing field inside the film ͑denoted by E d ͒ when the dipoles point along the ͓001͔ direction. To treat more general electrical boundary conditions in which there is partial screening of this depolarizing field, we actually minimize the total-energy function
where ␤ is a screening parameter defined such that ␤ =0 corresponds to ideal OC conditions, an increase in ␤ lowers the magnitude of the resulting depolarizing field, and ␤ =1 corresponds to ideal short-circuit ͑SC͒ conditions for which 15 and is self-consistently updated during the simulations. Also note that, as in Ref. 4 , our E tot assumes a simple truncation, at the surface/interface layers, of the interactions existing in bulk KTaO 3 . Such approximation results in an enhancement of the surface/interface polar modes for electrical boundary conditions close to SC, because the truncation removes short-range interactions that oppose the onset of local dipoles. Interestingly, such enhancement of the surface/interface polar modes has been reported in some lowdimensional systems 17 ͑see, e.g., the ab initio results for PbTiO 3 films sandwiched by Pt electrodes 18 which does not take into account zero-point vibrations, and path-integral quantum Monte Carlo ͑PI-QMC͒, [21] [22] [23] which includes the quantum-mechanical zero-point motions. We typically used 30 000 MC sweeps to thermalize the system and 70 000 more to compute averages, except at low temperature in PI-QMC where more statistics are needed. Figure 1 displays the "Pertsev" ͑that is, the temperature versus misfit strain ␦͒ phase diagram for the 28 Å thick KTaO 3 thin film under ideal SC conditions, as resulting from CMC and PI-QMC simulations. One can clearly see that both kinds of simulations generate the four phases that also appear in the Pertsev diagram of ͑001͒ BaTiO 3 ultrathin films. 4, 6 These phases are as follows: a paraelectric p state at high temperatures; a ferroelectric tetragonal c phase for intermediate temperatures and compressive and weakly tensile strains, having a polarization lying along the ͓001͔ growth direction; a ferroelectric orthorhombic aa phase for low temperatures and large tensile strains, in which the polarization is parallel to the in-plane ͓110͔ direction; and a ferroelectric monoclinic r phase for the lowest temperatures and intermediate tensile strains, for which the polarization direction continuously rotates from ͓001͔ to ͓110͔ as ␦ increases. Figure 1 further displays four remarkable features. ͑1͒ Quantum effects begin to appear at temperatures below Ϸ100 K. As a result, the c-to-r and, to a lesser extent, the aa-to-r phase boundaries are the only boundaries affected by quantum fluctuations. Essentially, there is a small reduction of the strain range in which the r phase occurs: in the lowtemperature limit, it passes from about +0.4% ഛ ␦ ഛ + 1.3% at a classical level to about +0.5% ഛ ␦ ഛ + 1.3% when quantum fluctuations are included. ͑2͒ As in BaTiO 3 ultrathin films, 4, 6 the p, c, aa, and r phases meet at a single four-phase point, which occurs here at a temperature of about 160 K and a tensile strain of about 1.12% for both CMC and PI-QMC simulations.
24 ͑3͒ The phase diagram is asymmetric with respect to zero misfit strain. Such an asymmetry is hinted in experiments on Ba 0.5 Sr 0.5 TiO 3 films 25 and is related to the enhancement of the z component of the local dipoles at the surfaces/interfaces.
26 ͑4͒ For zero misfit strain, the paraelectric-to-c transition occurs at about 460 K for both CMC and PI-QMC simulations. This high transition temperature ͑T C ͒ starkly contrasts with the behavior of the bulk material, for which the paraelectric-to-ferroelectric transition occurs at about 30 K at a classical level and vanishes when quantum effects are considered. 11 The physical origin of such a high T C lies on the above mentioned dipole enhancement at the surface/interface of the films. The striking consequence of such an enhancement is that these ultrathin films are no longer incipient ferroelectrics, but display a Pertsev phase diagram that is in essence identical to that of a normal ferroelectric such as BaTiO 3 .
We now discuss how depolarizing fields, always present in reality as, e.g., the metallic electrodes are never ideal, 27 affect the Pertsev phase diagram of KTaO 3 ultrathin films. Here, we have chosen ␤ = 0.96 in Eq. ͑1͒, consistent with the ab initio studies of Sai et al., 18 which found this kind of cancellation of the depolarizing field in some films. The resulting Pertsev diagram is shown in Fig. 2 , for both CMC and PI-QMC simulations. By comparing the CMC results from Figs. 1 and 2 , it is clear that the depolarizing field tends to suppress the z component of the polarization, as expected. Indeed, this effect dramatically decreases the p-to-c transition temperatures; for instance, the transition occurs around 60 K at zero misfit strain, i.e., the T C is 400 K lower than the one obtained for ideal SC. It also considerably extends the region of small tensile strain associated with the aa phase and significantly narrows the r phase region. As a result, the phase diagram becomes more symmetric around the zero misfit strain and the four-phase point of Fig. 1 shifts toward lower temperature ͑about 50 K for CMC simulations 24 ͒. As shown in Fig. 2 , such a small transition temperature implies that the quantum fluctuations ͑which are appreciable only at temperatures below 120 K and become more pronounced as the temperature decreases͒ have two effects that do not occur in the film under SC conditions. First of all, the zero-point vibrations now affect the p-to-c and p-to-aa phase boundaries ͑for small strain͒-in addition to the boundaries involving the r phase. Secondly, quantum fluctuations significantly reduce the stability range of the r phase. This suggests that, for slightly worse electrodes ͑i.e., for ␤ Ͻ 0.96͒, quantum effects could well lead to the disappearance of the four-phase point in favor of a three-phase point in which only the p, c, and aa meet.
In summary, we have used a first-principles-based scheme and found that quantum fluctuations have a negligible effect for ideal electrodes: the phase diagram closely resembles what is found in films made of strong ferroelectrics, e.g., BaTiO 3 . We have also simulated realistic ͑imper-fect͒ electrodes and found that the corresponding depolarizing fields have a great impact on the calculated phase diagram; in particular, the transition temperatures of the c and r phases are significantly reduced. As a result, quantummechanical effects become more important in this case and may alter the phase diagram qualitatively, e.g., by suppressing the r phase. 
